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Introduction:

The objective of this proposal is to seek for a combination therapy between a low molecular weight
aminosterol squalamine which has anti-angiogenic activity against induced endothelial proliferation and
migration and vascular endothelial growth factor, VEGF, on the growth of human prostate tumors both in vitro
and in vivo. Although both agents when applied alone have little anti-tumor effect, they have remarkable
synergistic action when applied together in tumor cells that express certain profiles of integrin isotypes and
VEGF receptors. This approach is taken because of the known inherent genetic stability of endothelial cells
which are required for tumor cells' continued growth and expansion and the potential clinical application of an
effective combination therapy targeted at tumor and its endothelial supplies for the effective treatment of
hormone refractory prostate cancers.

Body:

Task 1: Establishment of in vivo human prostate tumors:

This task has been completed. Please see previous progress report.

Task 2: Construction, characterization and production of adenoviruses that contain VEGF driven by a CMV
universal promoter:

This task has been completed. Please see previous progress report.

Task 3: Evaluation of the in vitro and in vivo synergism between squalamine and VEGF (or castration), and
assessment of the biochemical and morphologic changes of the prostatic tissues in vivo:

This task has been completed. Please see previous progress report.

Task 4: Determine the in vitro effect of squalamine and/or VEGF on the growth of prostatic and endothelial
cells:

This task has been completed and published (Jin et al., Cancer Gene Therapy 12:257-267, 2005).

Task 5: Recording of the morphologic changes of cells after squalamine and/or VEGF treatment:

This task has been completed. Please see previous progress report.

Task 6: Evaluation of the relationship between morphologic changes of prostate cancer and endothelial cells in
vitro after squalamine and/or VEGF treatment with that of their biochemical expression of TSP-I and cell
surface integrin isotypes:

In a previous progress report, we have completed the analysis of morphologic and biochemical features
of prostate tumors after squalamine treatment in intact and castrated hosts. We are evaluating TSP-I
gene expression in prostate cancer cell lines with different antibodies. We have not found a good
antibody that can provide reproducible assessment of the expression of this antigen in prostate cancer
cell lines. However, we have focused our study on cNvP35 integrin expression in prostate cancer cells and
have completed a study to show that an anti-PAN Ccv antibody can abrogate the ability of prostate cancer
cells to attach, migrate, and invade through vitronectin substratum. The interruption of this interaction
resulted in marked enhancement of apoptosis. These data are provided as Appendix 1.

4



Task 7: Confirmation of the above biochemical responses of prostate cancer cells and endothelial cells to
squalamine and VEGF in vivo.

We have completed the evaluation of HUVEC cell culture in vitro to the effect of squalamine. We have
reported a part of these findings in Cancer Gene Therapy (Vol. 12: 257-267, 2005).

Task 8: Evaluation of methodologies for evaluating signal cascade and apoptosis following VEGF and
squalamine.

This task has been completed. We are in the process of preparing a manuscript indicating the effect of
VEGF and squalamine on phosphorylation ofPP 125FAK and Pyk2.

Task 9: Evaluation of changes in signal transduction components following exposure to squalamine and/or
VEGF in vitro and confirmation of such changes in prostate tumor models in vivo.

We have evaluated soluble paracrine mediators that may be responsible for the induction of VEGF in
prostate cancer and prostate or bone stroma cells in vitro. We discovered that a soluble protein factor
called beta-2 microglobulin is responsible for the induction of VEGF and its receptor neurophilin-l to
form an autocrine loop supporting the growth of cancer cells. These results open up a new avenue of
investigation, which could impact our understanding of the role of squalamine and VEGF loop in
prostate cancer cells.

Task 10: Characterization of changes of signal transduction components and their relationship to apoptosis, and
comparison of their activity both in vivo and in vitro.

See above.

Key Research Accomplishments:

We have completed a manuscript indicating co-targeting tumor and tumor-associated
endothelium using gene therapy as a prototype resulted in improved affect in eradicating cancer
growth as xenografts in culture. This same study also has been confirmed in vitro (Jin et al.,
Cancer Gene Therapy 12:257-267, 2005).
We are establishing the basic methodology to study signal transduction in prostate cancer cells
and the same methodologies will be used to measure signaling pathway in response to
squalamine and/or VEGF. We have established a new model system to study the inter-
relationship between beta-2 microglobulin, VEGF, and VEGF receptor signaling in prostate
cancer cells.

Reportable Outcomes:

1. A manuscript by Jin et al. was published in Cancer Gene Therapy.
2. A review article by Chung et al. was published in Journal of Urology.
3. A new grant was submitted to NIH based upon the VEGF receptor and soluble factor signaling

pathway.

Conclusions:

VEGF and squalamine synergism appears to be a phenomenon in vitro and its in vivo synergism is more
difficult to demonstrate due to severe toxicity of delivery of VEGF to tumor tissues in tumor-bearing animals.
The concept to enhance tumor and endothelial cell death using angiogenic modifiers however received support
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by the application of squalamine immediately after castration. Based on immunohistochemical data, it appears
that tumor cells overexpress VEGF receptor, fit-I and specific integrin isotype, such as a6p34, are responders.
This part of the work is currently pursued in Dr. Mitch Sokoloff's lab with addition of radiation and squalamine
as a new combination. This work will be further explored and will be the subject of a future human clinical
trial.

References:

None
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Targeting angiogenic pathways involving tumor-stromal interaction to
treat advanced human prostate cancer

Mitchell H. Sokoloff' and Leland W.K. Chung'' 2

'Molecular Urology and Therapeutics Program, Department of Urology and 2Department of Cell Biology,
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Abstract

Interfering with and preventing tumor angiogenesis is an attractive therapeutic approach for treating cancer metas-
tases. This commentary presents treatment strategies that may enhance the effectiveness of anti-angiogenic therapy
by selectively targeting newly sprouting and immature vessels, inhibiting the production of angiogenic factors, and
disrupting extracellular matrices. We propose several clinical paradigms, including hormonal ablation, intermittent
androgen suppression, chemotherapy, and radiation therapy, that 'injure' nascent vasculature and interrupt the cancer
cell-stromal relationship, thereby potentiating the efficacy of experimental anti-angiogenic agents. These stromal-
epithelial interactions play an important role in the development, proliferation and dissemination of'prostate cancer,
as well as guiding the processes of tumor neovascularization. Successful utilization and targeting of tumor angio-
genesis requires an increased understanding of tumor cell-stromal cell-endothelial cell relationships, most notably
the intricate intracellular signalling cascades mediated by growth factors and the extracellular matrix.

Introduction normal adult prostate gland. Jrregularities in the con-
stituents of the stromal--epithelial milieu or aberrations

Despite advances in prevention and early detection, in their interactions can induce genomic instabil-
refinements in surgical technique, and improvements ity, enhance tumor cell proliferation, and drive both
in adjuvant radio- and chemotherapy, the ability to cure metastatic spread and progression to a hormone-
many men with prostate cancer remains elusive. This refractory state. Consequently, novel therapeutic pro-
is especially apropos to the successful management of tocols are being developed that target not only prostate
metastatic and recurrent hormone-refractory disease. tumor epithelial components, but surrounding stro-
Clinical protocols using either androgen deprivation mal and extracellular matrix (ECM) elements as
therapy or chemotherapeutic agents have shown some well.
promise in treating advanced prostate cancer [1,2]. For a prostate cancer to grow and metastasize,
Unfortunately, the proportion and durability of com- endothelial cells from this surrounding stroma must
plete remissions have been limited and new therapeutic be recruited to form an endogenous microcirculation
approaches are desperately needed. to support the developing neoplastic mass [6,7]. Sim-

Stromal-epithelial interactions are paramount to ilar angiogenic processes are necessary at sites of
the development, proliferation, and spread of prostate metastasis if disseminated tumor cells are to become
cancer. Studies in our laboratory have established securely entrenched and, subsequently, propagate.
that a bi-directional relationship between tumor cells Although prostate cancer cells produce inherent pro-
and their surrounding stroma contributes to the angiogenic signals, integration of downstream signal-
growth and dissemination of prostate cancer [3-5]. ing involving soluble factors and stromal and ECM
These mesenchymal-epithelial interactions are respon- components are critical to promoting and maintaining
sible for maintaining the functional integrity of the neovascularization [8].
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Figure 1. Prostate tumor cells express both vascular endothelial growth factor (VEGF) and its receptors (simplified here as a single entity,
VEGFR). Intracellular communication between tumor epithelium, endothelium, and stroma is known to occur with signals mediated by
such cell surface receptors as the integrins (e.g.: acf%), which confer cell-matrix interactions and the VEGF receptors (e.g.. Kdr/flk-l
and fit-I), which confer VEGF-induced intracellular signal activation. Resultant VEGF-VEGFR signaling is growth stimulatory for
endothelial cells. In studies in our laboratory [11], we have demonstrated that VEGF has either no effect on or, surprisingly, can inhibit the
growth of prostate tumor epithelial cells. Depicted in this illustration are two potential sites of interaction for an anti-prostate cancer anti-
angiogenic agent: (1) VEGF - VEGFR interaction; and (2) extracellular matrix (ECM) - integrin aop/ and o,qP 5 interaction. Interruption
of these cell-signaling pathways could be potentiated in the absence of the host androgen milieu or subsequent to any other therapy that
injures the saromal-epithelial milieu and, hence, will adversely affect tumor cell survival in the stromal microenvironment. (Illustration
courtesy of Song-Chu Ko, M.D., Ph.D.) [PSA, prostate-specific antigen; AR, androgen receptor].

Anti-angiogenic therapy has been demonstrated to the importance of prostate tumor cell-stromal cell
be effective in several preclinical solid tumor ani- interactions in tumor angiogenesis. In addition, we
mal models [9,10]. Moreover, since stromal factors will conjecture how conventional therapies directed
can affect the multistep processes of both carcino- at interfering with the prostate tumor--stromal cell
genesis and neovascularization, many of the factors relationship may influence the extracellular milieu in
involved in tumor angiogenesis are also associated such a manner that the anti-neoplastic effects of puta-
with prostate cancer proliferation, progression, and dis- tive anti-angiogenic agents are enhanced. Finally, we
semination. Hence, these stromal factors and inter- will postulate how combining these two therapeutic
actions present an attractive therapeutic target for approaches may improve our capacity to successfully
the treatment of hormone-refractory prostate can- manage men with advanced and metastatic prostate
cer (see Figure 1). This commentary will review cancer.
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Stromal-epithelial cell injury may potentiate therapeutic interventions that injure components of the
anti-angiogenic therapy stromal-epithelial milieu. This premise is particularly

plausible considering that most pro-angiogenic factors
We have recently demonstrated that squalamine, are located within the stromal milieu, either as soluble
an anti-angiogenic sterol isolated from shark liver, or ECM-bound factors, which affects survival of tumor
has potent anti-prostate cancer activity [11]. When epithelium.
squalamine was applied concomitantly with andro-
gen withdrawal in a human prostate cancer xenograft
model, an absolute and lasting eradication of both Tumor-stromal interactions and angiogenesis
PSA and subcutaneous tumors was achieved. No such
result was observed in intact tumor-bearing animals The outcome of a patient with prostate cancer
or in tumor-bearing animals treated with squalamine ultimately depends upon the tumor's capacity for un-
post-castration, yet subsequent to the appearance of hindered growth, local invasion, and the establish-
androgen independent lesions. Immunohistochemical ment of distant metastasis. Local factors, produced
staining of responding and non-responding tumors by mesenchyme, epithelial cells, or as a consequence
indicated that combined squalamine and castra- of bi-directional mesenchymal--epithelial interactions
tion substantially diminished integrin aV3 expres- between prostate tumor and stromal cells, are necessary
sion. Additional histologic data established that for such proliferative, invasive, and migratory events
squalamine's actions were most potent in preventing [14].
proliferation of the freshly sprouting, phenotypically Numerous cytokines and growth factors have been
immature blood vessels that, we believe, emerge in implicated in either enhancing or impairing a given
the tumor tissue as it acquires hormone independence, prostate tumor's inherent tumorigenic and metastatic
This finding corroborated prior studies which have phenotype [15]. While some act directlyupon the tumor
determined that squalamine's efficacy is significantly cells, others influence prostate tumor cell prolifera-
enhanced when tumor vasculature and cancer cells tion by modulating their interactions with the extra-
are 'injured' immediately antecedent to its application cellular matrix interactions through either soluble or
[12,13]. matrix-associated signaling. This can significantly alter

Accordingly, we have developed two theories to tumor cell heterogeneity with the propensity of select-
explain the powerful anti-angiogenic as well as anti- ing androgen-independent and metastatic variants.
prostate cancer effects of coincident androgen abla-
tion and squalamine administration. First, androgen Angiogenesis
deprivation, may so effectively 'stun' the stromal-
epithelial environment that nonnally prevalent and Angiogenesis refers to the formation of new blood
active pro-angiogenic factors are diminished, inac- vessels from pre-existing, nascent vasculature. It is a
tivated, or eradicated. At this juncture, the diminu- multistep sequential process involving the recruitment
tion of angiogenic forces may be sufficient enough and proliferation of endothelial cells, their subsequent
that the otherwise ineffectual squalamine (if used in migration to the tumor mass, morphogenesis into a
the absence of hormone-ablation) is consequently ren- tubular structure, and maturation into a stable struc-
dered potent. Alternatively, during the immediate post- ture [16,17]. It is important to note that the structure
orchiectomy rejuvenated proliferative phase (when of tumor vessels differ from those of normal tissues,
stromal-mediated and autonomous epithelial tumorcell especially with regard to cellular composition, tissue
growth is actively acquiring hormone independence) integrity, vascular permeability, and regulation of cell
the cellular and vascular architecture may become proliferation and apoptosis [18]. It is presumed that
somewhat pliable and plastic, predisposing these pre- these many differences may impart selective suscepti-
carious cells to either anti-angiogenic or cytotoxic bility of tumor vessels to the effects of anti-angiogenic
effects of squalamine. agents.

These interesting observations and speculations The establishment and maintenance of such a vas-
have led us to develop the following hypothesis: cular supply is imperative to prostate carcinogenesis
that the effectiveness of anti-angiogenic agents can and involves the cooperation of a variety of molecules
be increased when applied coincident with other either constituting or inhabiting the ECM. A variety of
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growth and survival factors present within the extra- that integrin CIf 3 preferentially attaches to vitronectin
cellular matrix have been associated with angiogenesis and osteopontin, key components of bone matrix, and
[19-21]. These include, but are not limited to, TGF-a that osteopontin is overexpressed in pathologic speci-
and fl, b-FGF, IGF-1, EGF, HGF/SF, PDGF, TNF-a, mens from men with honnone-refractory prostate dis-
VEGF, and IL-6 and 8. As it is beyond the scope of ease. This is likewise associated with a coexistent
this commentary to discuss all of these factors in much overexpression of integrin a,,63. Osteopontin, a potent
detail, we will briefly mention the best characterized autocrine and paracrine growth factor, is secreted by
and most studied soluble pro-angiogenic factors of the both prostate cancer epithelial and bone stromal cells,
prostate cancer celI-ECM milieu: vascular endothelial exerting a direct stimulatory effect on prostate epithe-
growth factor (VEGF) [22-24]. lial cell proliferation in vitro [33].

VEGF is apotentstimulatory factor for angiogenesis Integrin as3 has a prominent function in tumor
and is a highly specific mitogen for vascular endothe- angiogenesis [31,34]. Furthermore, integrin cx/3 activ-
lial cells. It has been implicated in promoting prostate ity is modulated by several growth factors that reside in
carcinogenesis and metastasis, as well as angiogen- the ECM, such as VEGF. In chick chorioallantoic mem-
esis. It is commonly accepted that VEGF influences brane (CAM) assays, angiogenesis can be disrupted by
tumor growth indirectly, through angiogenic activity, treatment with either a cyclic peptide or monoclonal
although a direct effect has never been excluded and antibody antagonist to IA 3 [35]. In vivo studies have
more recent data suggests a non-angiogenic mecha- demonstrated that tumor growth can be inhibited when
nism (see below). VEGF has also been shown to stimu- integrin av1a expression is likewise constrained [36].
late cell migration, implicating it in tumor metastasis as Since integrin aA influences angiogenesis, reorgani-
well as angiogenesis. VEGF is expressed by prostatic zation of cytoskeletal structures, basement membrane
cancer epithelium, and expression positively correlates attachment, and cellular proliferation, a switch to inte-
with increasing grade and tumorigenicity [25-28]. In grin UA in prostate cancer may provide advantages
the LNCaP cell line, VEGF appears to be androgen reg- to growth of androgen independent tumor cells at both
ulated, suggesting that hormone ablation therapy may primary and distant sites.
act, in part, through the inhibition of VEGF produc- Clinically, the relationship between prostate cancer
tion [29,30]. These results, however, have been contra- and angiogenic factors remains controversial [28,37-
dicted in other studies using different prostate cancer 40]. In most studies, increases in tumor angiogenesis
cell models (see below). correlate with Gleason grade and with progression after

prostatectomy. Angiogenic factors are also associated
with a heightened metastatic phenotype and with poor

Integrin signaling prognosis. Furthermore, quantitation of tumor angio-
genesis, based on microvessel density, appears to be a

Although the ECM is an important determinant in promising technique for estimating the extensiveness
tumor cell growth, survival, and dissemination, its and aggressiveness of a given prostate tumor as well as
potency depends upon successful tumor cell-ECM sig- predicting its response to various forms of treatment.
naling. Cell-ECM interaction is signaled primarily
through integrins, which are comprised of over twenty
combinations of a and 0 heterodimers [ 14,31]. ECM- Combining conventional and anti-angiogenic
integrin signaling has been broadly implicated in reg- approaches to treat men with advanced
ulating angiogenesis, as well as tumor cell motility, prostate cancer
migration, and metastasis [14,20]. In the LNCaP/C4-2
progression model of human prostate cancer metastasis Radical prostatectomy can cure patients with localized
[32], we have documented a functional integrin switch prostate cancer and its use in treating such tumors in
from U603 4 to a/3j and aw% during prostate cancer younger and healthy patients is generally undisputed
progression. This switch appears early in the progres- [41]. Nonetheless, almost 30 percent of patients with
sion to androgen independence and has been confirmed pathologically organ-confined cancer will experience
biochemically by immunoprecpitation of biotinylated an early relapse with recurrent disease despite success-
prostate tumor cells followed by subsequent west- ful treatment of the primary lesion [42]. Furthermore,
ern blotting of these products using avidin-conjugated current screening modalities fail to identify a signifi-
peroxidase antibody. We have further demonstrated cant subset of patients with locally-invasive tumors.
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Recent studies report that up to 50 percent of patients signaling of pro-angiogenic components, inhibiting
who were thought to have organ-confined lesions were many of the steps required for neovascularization. Such
discovered to be understaged subsequent to surgery alterations in this constituency could greatly increase
[43-45]. As a result, the majority of men with prostate the sensitivity of the tumor to anti-angiogenic ther-
cancer will eventually develop disseminated disease apy. Second, injury to the vascular endothelial cells
[46]. In addition to causing severe pain and morbid- within the stroma could result in the immediate destruc-
ity, such metastatic disease is the primary cause of tion of the tumor vasculature (resulting in the cessa-
death in men with prostate cancer [47]. Androgen tion of blood flow to the cancer cells) or weaken the
ablation therapy is the most widely accepted ther- vessels sufficiently that their susceptibility to attack
apy for men with metastatic cancer. Because of its by a second (anti-angiogenic) agent is increased. Fur-
limited duration, however, certain chemotherapeutic thermore, damage to established vessels might induce
agents have been incorporated in the treatment of the formation of new vasculature to nourish and sus-
advanced, hormone-refractory disease. Furthermore, tain both the tumor mass and the surrounding tissues,
radiation therapy (with or without hormonal therapy) or alter the phenotype incipient vasculature so that it
is commonly used to treat locally-invasive lesions that acquires the more immature characteristics of newer
are felt to be incurable by surgical means. vessels. It is generally accepted that these younger,

With regard to prostate cancer, androgen ablation more immature vessels are most-susceptible to anti-
therapy, chemotherapy, and radiation therapy share angiogenic insult [51]. Third, immediately following
two common traits. First, by themselves, they custom- intervention, some stromal and epithelial tumor cells
arily behave as temporizing agents resulting in dis- are likely to overcome their injuries and begin to initi-
ease remission, but are generally ineffective in curing ate repair pathways, in which they recapitulate a phe-
advanced disease. Second, in addition to directly dam- notypically younger and more unstable configuration.
aging prostate cancer cells, each of these treatment As the cellular architecture becomes increasingly pre-
modalities induces injury to the surrounding stroma carious, these cells are more apt to be affected by the
and extracellular matrix. In fact, studies demonstrat- anti-angiogenic agents.
ing improved outcomes in men with prostate cancer
after treatment with combined radiation and andro- Androgen ablation therapy
gen ablation therapy attribute these findings, in part,
to the resultant interference with the stromal--epithelial Our data from the LNCaP-castrate xenograft model
relationship [48]. Furthermore, p53, which can act as confirmed that squalamine's actions were most potent
a radiosensitizer, may enhance the efficacy of radia- on the freshly sprouting, immature blood vessels
tion therapy via its anti-angiogenic properties, such as that, we believe, developed during a rejuvenated
inducing expression of the anti-angiogenic ECM com- proliferative phase of those prostate tumor cells acquir-
ponent, thrombospondin-I [49,50]. Because of their ing hormone independence. The effect was indepen-
individual and independent abilities to injure compo- dent of serum VEGF levels. There is ample evidence
nents of the extracellular milieu, androgen ablation that androgen application can stimulate vasculogenesis
therapy, chemotherapy, and radiation therapy are ideal whereas androgen deprivation can inhibit neovascular-
therapeutic approaches to investigate for use in concert ization, allegedly the result of increased or decreased
with anti-angiogenic agents to treat men with, or at risk VEGF production (respectively). Folkman has demon-
for developing, advanced prostate cancer. strated that VEGF production by LNCaP cells is

Taking all three of these treatment modalities into under tight regulation by androgen and that andro-
consideration, we can now reiterate our hypotheses gen withdrawal inhibited hypoxic induction of VEGF
as to how androgen ablation therapy, chemotherapy, [52]. Isaacs and associates have demonstrated that the
and radiation therapy may induce sufficient injury to activity of Linomide, an oral anti-angiogenic agent
the stromal-epithelial environment that the effects of which has demonstrated effectiveness in suppressing
the subsequent utilization of anti-angiogenic agents human prostate cancer in preclinical animal studies,
would be potentiated. First, damage to the homeostatic was potentiated by concurrent androgen ablation, pre-
cellular components of the stromal-epithelial milieu sumably due to down-regulation of VEGF [30].
might decrease, or even completely suppress, the secre- It was recently demonstrated that prostate gland
tion of soluble pro-angiogenic factors and intracellular growth in a rat model was regulated by the vascular
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endothelium, which, accordingly, was itself con- in concert with anti-angiogenic therapy to maximize
trolled by testosterone stimulation [53]. In this study, the potential of each to repress or, hopefully, eradi-
testosterone stimulation in castrated animals caused cated prostate cancer. If castration by itself appears so
an escalation of endothelial proliferation and vessel promising as a neoadjuvant to anti-angiogenic therapy,
development, antecedent of glandular tissue regrowth, intermittent androgen suppression (IAS) should, theo-
allegedly the result of increased VEGF production. retically, have a more pronounced effect.
In the Dunning prostate adenocarcinoma model, how- IAS has been applied in both pre-clinical mod-
ever, castration had little effect on VEGF production, els and in men with advanced prostate cancer in an
despite enhancement of VEGF flk-I receptor expres- attempt to prolong the anti-neoplastic effects of hor-
sion and involution of tumor vasculature [54]. This mone ablation therapy [56-59]. The underlying bio-
critical observation suggests that castration can affect logic principle of IAS is straightforward. Androgen
angiogenesis independently of VEGF production and ablation inhibits proliferation of androgen-sensitive
receptor status and allows for the identification ofmul- prostate tumor cells as well as inducing apoptosis.
tiple pathways of anti-tumor anti-angiogenic activity. In the normal prostate, androgen-induced growth and
The presence of many such pathways implies that castration-induced regression can be repeatedly cycled
in prostate cancer, a synergistic therapeutic approach using androgen replacement and withdrawal, respec-
could be developed byusing androgen deprivation ther- tively, since normal prostatic epithelial cells do not
apy along with other anti-angiogenic agents, thereby acquire the ability to grow in an androgen-deficient
enhancing the effectiveness of each individual treat- environment. In prostate cancer, however, cells that
ment modality [30]. escape the cytotoxic effects of hormone ablation

Additional evidence to support using such a com- emerge as a population of androgen resistant clones.
bined approach to managing human prostate cancer This ultimately results in tumor growth and metastasis,
can be found in a recent article by Jain et al. [55]. with eventual death. Hormone-refractory tumor cells
Using the Shionogi tumor model, androgen ablation may result from the selection of pre-existing androgen
initially resulted in tumor involution, in which endothe- independent cells resistant to apoptosis, or from upreg-
lial cells underwent apoptosis before neoplastic cells. ulation of adaptive mechanisms to the androgen inde-
Soon after castration, however, the regressing vessels pendent state. IAS is founded on the premise that with
began to exhibit changes in phenotype. Subsequently, intermittent androgen exposure, tumor cells may delay
they began to produce large quantities of VEGF and their progression to an androgen-independent state.
both neovascularization and tumor regrowth resulted. Conceivably, however, intermittent androgen exposure
We propose that by working through one of the sev- can also inhibit tumor cell growth through an androgen-
eral putative anti-tumor/anti-angiogenic pathways pos- repressed (or hypersensitivity to androgen) status [60].
tulated above, the application of an anti-angiogenic Overall, IAS may restore apoptotic potential and delay
agent coincident with castration could inhibit this neo- the progression of prostate cancer cells to androgen-
vascularization and tumor regrowth, hence prolonging independence.
cancer remission. Few clinical trials with IAS have been com-

pleted to date. Some suggest slightly-improved sur-
Intermittent androgen suppression vival rates, with substantial improvement in qual-

ity in life [57]. For our purposes, however, IAS
The above data suggest that by injuring the prostate offers an attractive opportunity to test our hypoth-
tumor cell-stromal cell-ECM environment, castra- esis that applying anti-angiogenic agents coincident
tion induces degeneration of vascular structures. This with stromal injury and repair will enhance tumor
appears to precede the apoptotic effects seen in the kill. IAS involves cyclical androgen-induced growth
tumor cells themselves and can be independent of and castration-induced regression. With each course,
VEGF production. As the effects of castration wane, there is the same initial injury to the stroma and
there is a resurgence of pro-angiogenic influences with ECM seen with castration, however under the influ-
resulting vasculogenesis. These vessels are young, ence of hormone repletion, there is a resurgence of
immature, pliable, and most prone to being affected pro-angiogenic influences with resulting vasculogene-
by the administration of anti-angiogenic agents. In sis. These are the young, immature, and pliable ves-
this commentary, we have proposed using orchiectomy sels most apt to being affected by the administration
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of anti-angiogenic agents. By cyclically applying and anti-angiogenic agents will be most pronounced when
withdrawing androgen, intermittent androgen blockade applied in conjunction with other therapeutic modali-
systematically injures tumor and vascular cells over a ties that maximally injure the stromal and ECM. For
prolonged period of time. This repeated stress should now, this includes intermittent androgen suppression,
prime them for the actions of an anti-angiogenic agent, radiation therapy, and chemotherapy, but may, with
resulting in the destruction of both tumor cells and the time, be applicable to gene therapy and novel molec-
surrounding stroma, ular approaches being developed for the treatment of

both localized and advanced human prostate cancer.
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Abstract Maintenance of cell and tissue homeostasis is
dependent upon the dynamic balance of cell prolifer- Key words prostate cancer - bone metastasis - stromal-
ation, differentiation, and apoptosis through interac- epithelial interaction molecular targeting -vicious
tions between cells and their microenvironment. The cycle cytokine extracellular matrix (ECM)
unique prostatic cellular phenotypes are induced and
maintained by interaction between epithelium and ad-
jacent stroma through intimate intercellular signaling Introduction
pathways. In this article, we summarize current advances
in the tumor-stroma interaction and its biologic and This review will first elucidate the molecular mechanisms
therapeutic implications. We specifically emphasize cur- underlying prostate tumor-stroma interaction, involving
rent studies of the possible factors driving the "vicious prostatic stromal cells at the primary site and osteo-
cycle" between stroma and emerging prostate tumor epi- blasts and osteoclasts at bone metastasis sites, and then
thelial cells that may be responsible for carcinogenesis discuss new opportunities for therapeutic targeting of
and metastasis to bone. Stroma responds both geno- localized and disseminated human prostate cancer.
typically and phenotypically to tumor epithelium upon Cell and tissue homeostasis reflects a dynamic balance
co-culture under 3-D conditions. Likewise, the emerging of cell proliferation, differentiation and apoptosis
carcinoma responds to stromal signals that drive pro- (Frisch and Screaton, 2001). Consistent with this con-
gression to malignancy. A vicious cycle mediated by sol- cept, primary and immortalized non-transformed hu-
uble and insoluble molecules secreted by tumor cells and man prostate epithelial cells require adhesion to an
stroma appear be the critical factors supporting and sus- extracellular matrix (ECM) to maintain their polarity,
taining tumor colonization in bone. Co-targeting tumor growth, survival, and migratory characteristics and ex-
and stroma with therapeutic agents has yielded promis- pression of tissue-specific proteins. These properties are
ing results both in pre-clinical models of prostate cancer unique organ-specific phenotypes conferred and main-
and bony metastasis and in clinical trials of patients tained by interaction between epithelium and adjacent
treated with a dual tumor and stroma targeting strat- ECM secreted primarily by the stroma through intimate
egies. In conclusion, understanding and targeting the in- intercellular signaling pathways. Epithelial cells, the
teraction of the tumor and its stromal microenvironm- major target for adult cancer, exist in contiguous sheets
ant may improve the prognosis, reduce the suffering and composed of organized, polarized cells circumscribed by
increase the survival of patients with advanced cancer a basement membrane that separates the epithelium
metastasis. from the stroma. Numerous cell types are found in the

epithelial and stromal compartments, including luminal,
basal, and neuroendocrine cells in the epithelial tissue

S.-Y. Sung • L.W K. Chung compartment and smooth muscle, fibroblast, endo-
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Homeostasis of normal organs such as prostate and Further, the androgen-independent and metastatic
breast is maintained through reciprocal interactions be- progression of human prostate epithelial cells can be
tween epithelial cells and their surrounding stroma with promoted by co-inoculating a marginally tumorigenic
minimal proliferation of either cell type. Disruption of human prostate cell line, LNCaP, with a human bone
the homeostatic interaction between epithelium and stromal cell line derived from an osteosarcoma in vivo
stromna could initiate and promote carcinogenesis. In (Thalmann et al., 1994; 2000; Wu et al., 1994; 1998).
these instances, carcinogenic insults may trigger ad- By a series of manipulations of chimeric LNCaP tumor
ditional genetic changes in the epithelial cell compart- growth in vivo under the influence of bone stromal cells,
ment over and beyond the inherited traits, through in- either in the presence or absence of androgen, the deriva-
creased genomic instability and decreased DNA repair tive LNCaP sublines C4-2 and C4-2B acquired the
and apoptotic signaling. Altered epithelial cells may trig- ability to become androgen-independent and metastatic,
get stromal reactions that, in turn, confer reciprocal sig- as exhibited by their behaviors in immune compromised
nal cascades in tumor epithelium to promote further mice. To ascertain that cell-cell contact rather than un-
carcinogenic processes. Ultimately, reciprocal tumor- known factors from the host were responsible for confer-
stroma interaction culminates in the increased mi- ring tumorigenic and metastatic potential to the par-
gratory, invasive, and metastatic behavior of cancer cells. ental LNCaP cells, we co-cultured LNCaP cells with

either prostate or bone stromal cells under 3-dimen-
sional (3-D) conditions and observed similar permanent

Prostate carcinoma-stroma interaction phenotypic, genotypic and behavioral changes of the
parental LNCaP cells, as revealed by their ability to

Prostate epithelium and stroma are sites for the develop- form tumors in castrated mice and acquired ability to
ment of benign and malignant diseases of the prostate. metastasize to distant organs including bone (Ozen et
Recent evidence suggests that prostate epithelium and al., 1997; Pathak et al., 1997; Rhee et al., 2001).
stroma interact in a highly organ-specific, androgen-de- These results taken together suggest that tumor
pendent and temporally-related manner. We discuss be- stroma can confer "inductive" or "adaptive" cues to the
low the role of prostate fibromuscular cells in prostate responding tumor epithelium and is directly responsible
tumor growth and progression, the reciprocal stromal for the altered behavior of tumor epithelium. However,
reactions to prostate tumor epithelium that create a "vi- tumor-stroma interaction is reciprocal. Not only can
cious cycle" between stroma and epithelium ultimately stroma "induce" or "select" the phenotypic and geno-
driving tumor epithelium to develop benign and malig- typic changes in tumor epithelial cells, tumor epithelium
nant prostate diseases, the potential factors that may can also induce genetic and phenotypic changes in
mediate these interactions, and the role of early prostate stroma after tight association in vivo. It appears that
inflammatory atrophy in the development of benign both tumor and stroma are involved in controlling tumor
prostatic hyperplasia and prostate cancer, growth or " take" by the host and the subsequent pro-

gression of tumor epithelium to androgen-independence
and acquisition of local invasive and distant metastatic

Role of prostate fibromuscular stromal cells in prostate potential in experimental models of human prostate
tumor growth and progression cancer. Figure 1 depicts a model of the multi-step nature

of this interaction. Genetically and phenotypically alter-
In 1970, Professor L. M. Franks described the require- ed epithelial cells induce a stromal reaction that, in turn,
ment of prostate cancer fibromuscular stromal cells for induces a reciprocal epithelial reaction. The serial inter-
the growth and survival of primary human prostate epi- actions form a "vicious cycle" that drives epithelial can-
thelial cells in culture (Franks et al., 1970). We tested the cer progressive to androgen-independent local invasion
significance of this original in vitro observation in our lab- and distant metastasis.
oratory by both in vitro cell co-culture and in vivo co-in- Through growth factor activation, changes in ECM
oculation of tumor cells and stromal cells in immune- can be elicited, which can cause epithelial cells to lose
compromised mouse models for the growth of human and their apical-basal polarity and thus assume a less well
rat prostatic tumors as xenografts. A series of reports differentiated state (Bissell and Radisky, 200(1). This dra-
demonstrated that the growth of benign and cancerous matic alteration of epithelial cell phenotype can lead to
prostate epithelial cells in vivo was enhanced markedly by increased cell proliferation and tumorigenesis (Reich-
the co-presence of organ-specific and/or cancer-associ- mann, 1994; Naishiro et al., 2001).
ated stromal cells (Chung et al., 1989; Camps et al., 1990; However, the specific molecules responsible for tu-
Gleave et al., 1991; 1992). These studies were confirmed mor-induced changes in the microenvironment and the
by other laboratories which showed that prostate tumor reciprocal modifications of the tumor by its micro-
growth in vivo could be accelerated by cancer, but not by environment are largely unknown, as are the inter- and
benign tissue-associated stromal fibroblasts (Olumi et al., intra-cellular pathways that result from these influences.
1998; 1999; Wong and Wang, 2000). Dissecting the components of the stroma requires model
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major production sites of metallopro tel nases, which in-
crease ECM turnover and are thought to be critical to
the invasive property of tumor epithelium. Thus, global
changes in the tumor microenvironment could provide

% selective growth and survival advantages for certain tu-
mor cell clones, particularly in androgen-deprived con-
ditions.

Second, stromal reaction to tumor epithelium may be
-.0w, irreversible, if the reacting stromal cells receive an "in-

ductive cue" from tumor epithelium to undergo trans-
v D Rehf SnDiuepwt differentiation, whereby stromal fibroblasts adjacent to

tumor epithelium convert both morphologically and
[ , ,phenotypically to myofibroblasts (Ronnov-Jessen et al.,

1995; Elenbaas and Weinberg, 2001; Tuxhorn et al.,
Fig. I "Vicious cycle" of prostate cancer bone metastasis. This 2001, 2002).
figure describes the growth factor and extracellular matrix-me- Transition ofstromal fibroblasts to myofibroblasts with
diated activation of transcription factors, which control the matrix increased expression of vimentin pro-collagen type-I and
proteins, and MMPs activation. The vicious cycle may be initiated
first by the presence of growth factor/ECM milieu in the prostate tenascin has been observed (Tuxhorn et al., 20l). Using
cancer which up-regulates key transcription factors that modulate the laser capture microdissection (LCM) technique, gen-
matrix and metalIoproteinase expression in stromal cells. Increased etic aberrations were detected in the fibromuscular
expression of chemokines, cytokines, and transcription factors can stromal compartment surrounding tumor epithelium,
activate of additional growth factors and ECM pathways, which further supporting the reciprocal nature of the tumor-
drive prostate tumor cells to a more invasive and malignant state. stroma interaction (Moinfar et al., 2000). Although the

mechanisms of the genetic and phenotypic response of
stroma to adjacent tumor epithelium are currently un-

systems in which a single variable can be manipulated clear, possible mechanisms include: a) Transition or inter-
and assessed. In contrast to tumor-associated stroma, conversion of epithelium to stroma (Wernert et al., 2001);
normal stromal cells have a low proliferative index, b) Irreversible induction of stromal changes, both at the
probably secrete only the factors necessary to maintain morphologic and the biochemical levels, by soluble and
normal tissue function (Manabe and Owens, 2001), and insoluble factors secreted by tumor epithelium; c) Selec-
appear to be less responsive to inductive cues elaborated tion of previous existing clones of stromal cell popula-
from normal epithelium. tions and preferential expansion of these clones based on

their proliferative and survival advantages (Singer et al.,
1995; Tso et al., 2000); d) The combination of b and c

Stromal reaction to tumor epithelium above; that is, after prolonged "adaptation" to a tumor-
associated stromal microenvironment, permanent genetic

Since stromal cells from normal adult tissues are less changes may occur in the stromal cell population through
inductive, or often non-inductive, the experimental data a poorly understood "adaptive mutation" mechanism
imply that stromal cells exposed to tumor epithelium (Laval and Laval, 1984; Chung, 1995).
could be "activated" and acquire an inductive potential
to drive the subsequent neoplastic processes. This sug-
gestion is supported by several lines of evidence. A "vicious cycle" between prostate stroma and

First, morphologic "desmoplastic" stromal response tumor may be responsible for carcinogenesis in
to tumor epithelium often occurs around either primary primary prostate cancer
or metastatic tumor epithelium (Thompson et al., 1993;
Nemeth et al., 1999; Tuxhorn et al., 2001; 2002). A de- Studies using tissue and cell recombination models dem-
smoplastic stromal response is characterized by in- onstrate that growth and differentiation of the prostate
creased proliferation of fibromuscular stromal cells and gland depends on reciprocal cellular interaction between
enhanced deposition of extracellular matrices (ECMs) prostate epithelium and its adjacent stroma (Chung et

surrounding tumor epithelium. This active process could al., 1991; Cunha et al., 1996; Wong et al., 1998; Wong
be viewed as a part of the host-defense mechanism to and Wang, 2000). Evidence also suggests that androgen
curtail or restrict tumor expansion. Conversely, this re- receptor in the stroma rather than in the epithelium may
action and accompanying increased stromal cell number be critical for conferring the growth and differentiation
could provide a "fertile soil" supporting the growth and functions of the prostate gland (Cunha and Chung,
invasion of tumor epithelium through the increased pro- 1981; Thompson and Chung, 1984). When normal pros-
duction by stromal cells of growth factors and stroma- tate epithelium (Zhau et al., 1994; Chung, 1995) or uro-
associated ECMs. In addition, stromal cells are the thelium (Zhau et al., 1994) was used in these studies, the
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inductive fetal urogenital mesenchyme determined the the "outside-in" pathway, in which integrin activation
ultimate size of the tissue-tissue recombinant. However, induces cancer cell migration and invasion. Integrins
when prostate tumor tissues (Chung et al., 1984; Miller also cooperate with growth factors to promote cell pro-
et al., 1985) or tumor cells derived from the prostate liferation. When adherent tissue cells are released from
(Gleave et al., 1991; 1992) or urinary bladder (Zhau et their surrounding extracellular matrix, they forfeit sur-
al., 1994) were used in the experiments, the growth of vival signals and undergo apoptosis (Porter and Hogg,
the tissue-tissue or tissue-cell recombinants was uncon- 1998). In addition to interacting with stromal cells or
trolled and never reached a state of homeostasis. ECM, integrins can also form cis associations with other

One interpretation of these results is that signaling receptors on the same cell, forming multi-receptor corn-
between tumor and stroma is aberrant and resembles a plexes. These complexes recruit signaling molecules to
"vicious cycle" where a dysfunction of cytokine traffick- sites of cell-cell or cell-matrix adhesion, such as focal
ing exists between tumor and host cells (Mundy et al., complexes and focal adhesions (Edlund et al., 2001).
2001; Tester et al., 2002). There are several possible Integrins also play a crucial role in regulating the actin
mechanisms for the activation of a vicious cycle between cytoskeleton at the site of contact with ECMs. Although
tumor and stroma: 1) tumor cells secrete putative cyto- the detailed pathway is still not very clear, data show
kines, growth factors and/or extracellular matrices that that once integrins receive signals from ECMs they can
alter the morphology and gene expression of surround- turn on other genes such as cc-actin, talin, vinculin
ing stroma such that the altered stroma becomes highly and vasodilator-stimulated phosphoprotein. Signaling
inductive and reciprocally induces the growth and gene through Rho family pathways could activate Cdc42, Rac
expression of tumor epithelium, thus initiating the vi- and Rho genes which further turn on downstream sig-
cious cycle. Rowley and collaborators provided evidence naling pathways such as the calpain and JNK pathways.
that stromal fibroblasts surrounding tumor epithelium Integrins also could regulate the activation of the focal
underwent trans-differentiation to become a morpholog- adhesion kinase pathway, Src protein tyrosine kinase,
ically and biochemically distinct population of myo- and paxillin, which are important in the remodeling and
fibroblasts (Rowley, 1998; Tuxhorn et al., 2001; 2002). turnover of adhesion complexes (Martin et al., 2002).
Interestingly, they have shown that this type of stromal Modulation of integrin activation is closely linked to
response to tumor epithelium can predict PSA-free sur- gene expression, cell cycle progression and cellular be-
vival in patients with prostate cancer. 2) Tumor cells se- haviors, such as cell motility, migration, and survival
crete soluble factors that act in an autocrine manner to under various physiologic and pathologic conditions.
promote the vicious cycle regardless of the surrounding The increased expression of cX3 and 36 integrins com-
stroma. Under certain stress and androgen conditions, pared with normal cells has been demonstrated. The ex-
increased growth factors, such as vascular endothelial pression of c631 integrin on prostate cancer cells was
growth factor (VEGF) production by tumor cells, have linked to increased invasion of prostate cancer in a
been observed (Wong et al., 1998; Jackson et al., 2002). mouse model (Schmelz et al., 2002). We and other
Increased VEGF was shown to induce more oxygen groups have studied cell interactions with extracellular
stress and initiate the vicious cycle by promoting more matrix and stromal factors during disease progression
VEGF production by tumor cells, eventually causing an by characterizing integrin usage and expression in a
accumulation of neovasculature surrounding the tumor series of parental and lineage-derived LNCaP human
epithelium (Ferrer et al., 1997; 1998; Burchardt et al., prostate cancer cell lines (Cress et al., 1995; Allen et al.,
2000; Arbiser et al., 2002; Colavitti et al., 2002). 3) The 1998; Bello-DeOcampo et al., 2001; Edlund et al., 2001;
intrinsic genetic instability of tumor cells can be pro- Cooper et al., 2002; Schmelz et al., 2002). Although
moted by tumor-microenvironment interaction (Rhee et studies indicated the decrease of integrin heterodimers,
al., 2001; Tlsty, 2001). It is conceivable that increased the actual integrin expression on the cell surface showed
cytogenetic changes, with loss or gain of growth control no significant change; however, with disease progression,
genes, could fuel additional genetic instability not only integrin usage did change significantly. The more meta-
of tumor cells per se but also of their surrounding static sublines were distinct in their use of ccvp3 integrin
stroma (Moinfar et al., 2000). (Edlund et al., 2001). When compared with parental

LNCaP cells, the more metastatic sublines showed a
shift in ct6 heterodimerization, a subunit critical not only

Potential factors responsible for activating for interaction with prostate basal lamina but also for
prostate carcinogenesis and driving the interaction with bone matrix proteins, a favored site of
"vicious cycle" of prostate stroma and tumor prostate cancer metastases (Edlund et al., 2001). This

indicates that integrin usage changed during the pro-
Integrins gression of prostate cancer. The activation state of inte-

grins could be an important element in how cells adapt
Integrins are important in prostate cancer progression under different microenvironmental conditions. The
and metastasis. The major role of integrins in cancer is adaptive property of integrins could be enhanced further


